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This paper describes the development of different novel antenna concepts for improving 
the spatial resolution of microwave based non-destructive testing (NDT) at 24 GHz. In 
a great number of applications the antenna of the sensor can be brought very close to 
the device under test. In these cases, the near ﬁeld characteristics of the antennas are 
crucial for a high resolution. However, common sensor heads offer either a high image 
resolution or a high penetration depth. In order to combine both of the characteristics 
different antenna concepts have been developed. The objectives were to obtain a high 
return loss combined with a suﬃcient high dynamic range and a near ﬁeld focusing of 
electromagnetic waves in order to yield a high resolution. Altogether, three antennas have 
been set up. Each antenna has been calculated analytically, followed by a FEM simulation, 
near ﬁeld measurements and an experimental veriﬁcation.
© 2016 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND 
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction
Microwave non-destructive testing is often used for the inspection of components or constructions consisting of dielectric 
materials. When the object is radiated with electromagnetic waves, the reﬂected or transmitted signal is received and 
processed. Most imaging methods are based on the synthetic aperture principle giving cross-range resolutions in the order 
of the wavelength. To improve the resolution, the radiation pattern and the near ﬁeld footprint can be measured and used 
for the image calculation [1–3]. It is often possible to bring the sensor very close to the device under test (DUT) such 
that the near ﬁeld characteristics of the antenna directly inﬂuence the resolution as well as the depth in which a defect 
can still be detected [4]. One common approach is to use open waveguides [5]. Despite the relatively low return loss, 
open waveguides offer moderate penetration depths of the electromagnetic waves into the DUT. That can be improved by 
horn antennas. However, due to the shorter distance from the phase centre to the middle of the aperture compared to 
the distance to the aperture edge, the horn has bad sidelobe suppression. Other options are coaxial probes that produce a 
small antenna footprint at short distances to the beneﬁt of higher resolutions [6]. They are mostly used for the detection 
of defects near the surface. The disadvantage is that the radiated ﬁelds cannot penetrate deep enough into the DUT. This is 
also true for tapered waveguides with slit aperture for image contrast improvement [7] or knife blades as scanning probes 
at millimetre wavelengths [8]. For the same purpose, dielectric rod antennas have been optimised for spot-focusing [9]. 
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Fig. 2. Electric ﬁeld distribution of two magnetic elementary antennas.
However, these antennas suffer from the drawback that only near surface defects (such as corrosion pitting under paint) 
can be evaluated with dielectric slab-loaded waveguides [10]. In order to facilitate deeper penetration, metal plates with 
deﬁned slots or dielectric lenses in front of a waveguide were used [11,12]. This trade-off between penetration depth and 
spatial resolution is typical for microwave real-aperture imaging radar methods under near ﬁeld conditions [13].
In this paper three improved antenna concepts were developed and their advantages and limitations compared to con-
ventional waveguides are discussed. Especially the antenna described in the fourth section attained a 6 mm better resolution 
at simultaneously higher penetration depth and improved dynamic range and return loss. The greatest beneﬁt of this con-
cept is the independence of the focusing characteristics of permittivity of the DUT. For experimental veriﬁcation of the near 
ﬁeld characteristics of the developed antennas, the Electromagnetic Infrared method EMIR has been used [14].
2. Sectoral horn with metal plate and 2 holes
The basis of this antenna was an E plane horn for the K band with an aperture size of 20 mm × 4.3 mm. The horn 
aperture was covered by a metal plate with two holes as radiating elements (Fig. 1).
The holes were positioned symmetrically in relation to the centre of the wave guide such that the electromagnetic waves 
from both holes superimpose constructively without any phase shift along the z axis. Each hole can be modelled in good 
agreement with the practice by a magnetic elementary antenna (Fitzgerald dipole). The azimuth component of the electric 
ﬁeld of radiator 1 (right hole in Fig. 1) Eh1ϕ located at (x, z) = (xh1, 0) is given by
Eh1ϕ = E0 ·
−e− j· 2πλ ·r1
4π
·
(
1
β · r1 +
1
j · β2 · r21
)
· sin θ1 (1)
where E0 is a reference ﬁeld strength, r1 =
√
(xP − xh1)2 + y2P + z2P is the distance from the hole to the computation 
point (xP , yP , zP ), λ is the free-space wavelength and the θ1 is given by the distance from the aperture to the compu-
tation point [15]. The electric ﬁeld Eh2ϕ can be obtained similarly. The resulting ﬁeld is given by a superimposition of both 
ﬁelds.
Fig. 2 shows the magnitude of the electric ﬁeld distribution for two holes with 12 mm distance to each other, normalised 
to the maximum electric ﬁeld that occurs in vicinity of the two holes at x = ±6 mm. A second maximum occurs at (x, z) =
(0, 5 mm) due to the equal phase superimposition of both ﬁelds. However, at a distance of z = 10 mm the ratio between 
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Fig. 4. EMIR measurement setup for near ﬁeld measurement.
the ﬁeld strengths at x = 0 and x = ±6 mm becomes a maximum and is denoted in the following as “sidelobe suppression” 
similar to the far ﬁeld antenna radiation pattern. This distance is used later for imaging NDT purposes. At shorter distances, 
the sidelobe suppression is so low that defects are imaged twice. The analytical calculation is veriﬁed by a ﬁnite element 
(FEM) simulation of which the result is shown Fig. 3.
For a measurement based veriﬁcation, the radiated near ﬁelds of the antenna were recorded using the EMIR principle 
shown in Fig. 4.
The antenna is directed to a microwave absorbing foil that heats up slowly when the antenna starts transmitting. The 
resulting heat distribution is recorded by an infrared camera that is positioned behind the foil. Thus, the intensity of the 
recorded infrared signal is proportional to the magnitude of the radiated electromagnetic power at a distance from the 
antenna to the foil. Table 1 shows the results at z = 5 mm and z = 10 mm distance. The measurement shows the expected 
focusing of the electric ﬁeld in x direction. In this case, the half power beam width (HPBW) is just half of the HPBW of 
the a simple open waveguide. A little asymmetry of the measurements is due to inaccuracies in the manufacturing of the 
metallic aperture.
In order to test the antenna for imaging NDT purposes, a small copper plate of only 1 mm×2 mm in size was measured 
by moving the antenna at a distance of 10 mm above the plate. For purposes of comparability, a C-scan (two dimensional 
scan with 30 mm× 30 mm scan area) with an open K band wave guide was carried out. The setup is shown in Fig. 5.
The antenna and the waveguide were connected to a vectorial network analyser to evaluate the changes of the reﬂection 
coeﬃcient during the movement of the antennas. Before starting the measurement, the antenna has to be calibrated to 
remove the reﬂection S11 of the antenna in free space. This reﬂection coeﬃcient has been subtracted from all measurements 
rmeas(x, y) of the C-scan. The resulting magnitude of the reﬂection coeﬃcient that is displayed in two dimensions in Figs. 6
and 7 is obtained by
rres(x, y) =
∣∣rmeas(x, y) − S11∣∣ (2)
Fig. 6 shows an improvement of the spatial resolution of 10 mm compared to the open waveguide in Fig. 7. Moreover, 
the maximum reﬂection coeﬃcient using the modiﬁed sectoral horn antenna is about 3.3 dB larger compared to the open 
waveguide. This positive side effect of the focusing leads to a better dynamic range of NDT measurements.
However, in general, dielectric components with a relative dielectric constant εr > 1 are analysed for defects. In order to 
analyse the inﬂuence of εr on the focusing characteristics, the small copper plate was placed under a 10 mm thick perspex 
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Comparison of calculated radiated power and EMIR measurement of sectoral E plane horn antenna with metallic 
aperture and 2 holes.
Fig. 5. Open waveguide above a small metal plate as DUT (red circle).
disc with εr = 2.6. Due to the shortening of the wavelength by the factor √εr ≈ 1.61, the best sidelobe suppression is no 
longer at z = 10 mm distance. Fig. 8 shows the electric ﬁeld distribution for different relative permittivities. It is obvious 
that the larger εr is the worse the sidelobe suppression is at constant distance z = 10 mm from the aperture. For εr = 4, the 
sidelobe suppression is just 2.2 dB instead of 6.2 dB for air. That means the distance for the optimum sidelobe suppression 
increases with increasing εr .
In order to verify this effect, the small copper plate was positioned under a perspex disc of 6 mm thickness. At this 
distance, the focused ﬁeld along the z axis is lower than the electric ﬁelds originated from each hole leading to a widely 
spaced distribution of reﬂected energy. This defocussing leads to ghost artifacts (Fig. 9) and the plate is no longer visible.
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Fig. 7. Measured magnitude of reﬂection coeﬃcient of an open waveguide.
Fig. 8. Normalised electric ﬁeld strength distribution in dependency of the relative permittivity.
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Fig. 10. (a) Drawing of E plane horn with 4 holes in the metallic aperture, (b) vector decomposition of the electric ﬁeld for one single hole.
3. Sectoral horn with metal plate and 4 holes
The modiﬁed sectoral horn described in the previous section focused only in x direction. In order to focus in y direction 
as well, 2 additional holes of the same size were drilled into the metallic aperture (see Fig. 10a).
To compute the overall ﬁeld distribution, the azimuthal component of the electric ﬁeld is calculated according to (1) 
and split up into y and z direction. Figs. 10b and 10c as well as equation (3) show this decomposition of the ﬁeld Eh1ϕ
exemplarily in elevation direction for the ﬁrst hole on position (xh1, yh1, 0).
Eh1y = Eh1ϕ · sinβ Eh1z = Eh1ϕ · cosβ (3)
whereby the angle β is obtained by simple trigonometric relations in dependency of the computation point (yP , xP , zP ).
β = π
2
− tan−1 yP − yhk
zP
(4)
After that, the total electric ﬁeld Etotal is given by a superimposition of the ﬁelds (denoted by the indices h1 to h4) of all 
four holes:
Etotal =
√√√√√
∣∣∣∣∣
4∑
k=1
Ehky
∣∣∣∣∣
2
+
∣∣∣∣∣
4∑
k=1
Ehkz
∣∣∣∣∣
2
(5)
Fig. 11a shows the computed electric ﬁelds at z = 10 mm distance to the aperture with four holes. As expected the 
additional two holes yield to a focusing in x and y direction. The simulated results are veriﬁed by an FEM simulation 
shown in Fig. 11b and an EMIR measurement shown in Fig. 11c. Theory and measurement agree well with one another. The 
resolution in y direction could be improved by 20 mm compared to the sectoral horn with two holes.
However, the main drawback of this design is that the magnitude of the reﬂection coeﬃcient at the feeding point in the 
K band waveguide is very close to one. Thus, only very little power is radiated because the size of the holes is comparably 
small to the aperture size. With the help of tuning screws in the waveguide it is possible to tune the antenna to around 
50  but this does not change that radiated power. Such an arrangement resembles a resonator where the electromagnetic 
energy oscillates between the aperture and the tuning screws.
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lated (FEM), (c) measured with EMIR.
Fig. 12. Dielectric delay lens on the aperture of a horn antenna [15].
4. E plane horn with dielectric delay lens
In order to increase the transmitted power and the dynamic range, a dielectric delay lens can be inserted in to the 
E plane horn. This lens compensates the unequal phase assignment on the aperture that has its origin in the different 
distance from the phase centre to different points on the aperture. Fig. 12 depicts such a lens made of a material of relative 
permittivity εr .
Moreover, the best focusing along the z axis is achieved when the amplitude assignment on the aperture is homogeneous. 
However, considering a regular E plane horn antenna, the electric ﬁeld distribution on the aperture is given by the H10
mode.
E(x, y) = E0 · cos π · x
A
(6)
For this reason, two metallic shields cover parts of the aperture and thus reduce the transmitted power in the middle 
of the aperture. The shape of the shields given by their distance d(x) is inverse proportional to the magnitude of the H10
mode and has a maximum value equal to the width b of the K band waveguide:
d(x) = min
[
b,
d0
cos π ·xA
]
(7)
The distance d0 in the middle of the aperture inﬂuences the transmitted power. Fig. 13 shows the sector horn with 
dielectric lens and metal shield.
In order to evaluate the resolution of this antenna for NDT purposes, the small copper plate shown in Fig. 5 was scanned 
at a distance of 10 mm. The result is depicted in Fig. 14. Compared to the measurement with an open waveguide in Fig. 7
the better focusing leads to a resolution that is about 6 mm better. Moreover, due to the constant electric ﬁeld distribution 
(both in magnitude and phase) on the aperture this antenna is comparably independent from the dielectric constant of the 
DUT.
5. Conclusion
This paper described the theoretical analysis and the experimental veriﬁcation of novel antenna concepts for near ﬁeld 
imaging microwave NDT purposes with a special focus on the resolution at 24 GHz. Currently, open K band waveguides are 
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Fig. 14. Magnitude of the reﬂection coeﬃcient using the antenna in Fig. 13.
often used for this. To improve the near ﬁeld focusing, the waveguide can be connected to an E plane sectoral horn antenna. 
However, the footprint is too large such that the image resolution is degraded. To overcome this disadvantage, the aperture 
of the horn antenna was covered by a metal plate that contains two holes symmetrically to the main radiation direction. By 
constructive superimposition of the ﬁelds radiated by each hole, the resolution could be improved signiﬁcantly in x direction. 
For a two dimensional focusing, two additional holes have been added to the aperture. Measurements of the radiated near 
ﬁeld as well as real measurements with a small copper plate for the analysis of the resolution conﬁrm the theory based 
on magnetic elementary antennas. Moreover, the analysis showed that the focusing distance is dependent on the relative 
permittivity of the DUT. Based on the side lobe suppression as well as the relative permittivity, an estimation about the 
depth of a possible defect in the DUT can be determined. At a known depth of the defect, the relative permittivity can be 
estimated based on the obtained image. However, this antenna radiates only little power and thus degrades the dynamic 
range of the imaging measurement. That is why an antenna with a larger opening of the aperture for electromagnetic 
waves was set up. The solution was a sectoral E plane horn antenna with a dielectric lens and a metal shield. Both ensure 
a homogeneous distribution in magnitude and phase of the electric ﬁeld at the aperture of the horn. The resolution of this 
antenna is 6 mm better compared to the standard open waveguide. Moreover, the dynamic range could be improved by 
3 dB. A further very important advantage is that due to the equal phase distribution on the aperture, the resolution of this 
antenna is independent of the permittivity of the DUT.
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